Organic extracts from airborne particles collected at various sites in Scandinavia have been tested for mutagenicity in the Ames Salmonella/microsome assay. Extracts from particles in the respirable size fraction (diameter less than 3 R±m) were mutagenic with and without metabolic activation. The mutagenic activity varied from day to day, mainly due to variations in meteorological parameters, especially wind speed and atmospheric stability. A seasonal variation could also be observed, with the highest average values in winter time.
Introduction
About 40 years ago it was demonstrated that subcutaneous injections of benzene extracts of airborne particulate matter caused tumor formation in mice (1) . Several studies performed in the next 20 years demonstrated that the number of tumors produced in animals treated with extracts of airborne particles was considerably higher than what would be expected from the sample's content of polycyclic aromatic hydrocarbons (PAH) (2-4).
Hueper and co-workers (3) fractionated the particle extracts before administration to experimental animals. They found tumorigenic activity to be associated mainly with the neutral and the oxygenated fraction. The acidic fraction was found to contain substances with tumor-promoting effect. This finding was supported by some in vitro experiments performed by Gordon and co-workers (5) . They found that not only benzene extracts, but also more polar compounds, soluble in methanol, but insoluble in benzene, could induce cell transformation in rat and mice fibroblast cultures.
About five years ago, organic extracts of airborne particulates were shown to cause mutagenic activity when assayed by the Ames Salmonella/ microsome assay (6-9). The mutagenic activity was shown to be most pronounced in the absence of liver microsomes, whereas conventional PAH compounds need metabolic conversion to give a positive response in the Salmonella test system. Several studies have shown that only a small part of the observed mutagenic activity in extracts of particles can be caused by such PAH compounds (9) (10) (11) (12) .
The Ames Salmonella assay has proven to be a very useful tool for investigation of the potential carcinogenic air pollutants. Parameters that are important for the interpretation of the results from such testing, such as methods for sampling and extraction and the influence of meteorological and topographical conditions, has recently been reviewed by Chrisp and Fisher (13) . Results obtained with the Ames Salmonella test and other short-term tests for mutagenicity on air samples have been reviewed by Hughes et al. (14) .
The present paper gives a summary of results obtained in the last five years from ongoing studies on the mutagenic activity of extracts of particulate matter in ambient air in Scandinavia.
Materials and Methods

Sampling
The samples were collected with high-volume samplers on glass fiber filters (Gelman, type AE or Stora Kopparberg Special Produkter, Sweden). A description of the various sampling sites is given in Table 1 . For some of the studies, meteorological parameters and the concentration of several organic and inorganic pollutants were measured simultaneously. In some cases size fractionation was performed using a Sierra high volume cascade impactor mounted in front of the filter stage. All Gelman filters were prewashed with acetone. The filters were conditioned and weighed in a few cases, but in most of the studies the filters were kept frozen until extraction was performed, a procedure that prohibited weighing of the samples.
Extraction of Samples
The filters were Soxhlet-extracted for 16 hr with acetone. This solvent was chosen among several since acetone extraction gave the highest yield of mutagenic activity (15) . The extracts were carefully concentrated to near dryness and then redissolved in dimethyl sulfoxide (DMSO).
Chemical Fractionation
Acetone extracts of airborne particulates were fractionated according to their polarity by two different procedures. With the first method, the extract was fractionated into an acidic, a basic and several neutral fractions as described previously (16, 17) . The other procedure implies a separation into four fractions of increasing polarity on a ,u-Porasil silica gel column (Waters Associates) using a Waters HPLC system, according to the method described by Schuetzle et al. (18) . An aliquot of the sample was transferred to 100 ,uL dichloromethane (DCM) and injected onto the column using 5% DCM in n-hexane as an eluent. After 10 min isocratic elution, a linear gradient of 5% DCM/min was applied. The solvent was held at 100% DCM for 10 min, and was then switched to 100% acetonitrile for at least 15 min. The column was reconditioned by flushing with DCM for 5 min and 5% DCM in n-hexane for 15 min.
Analysis of PAH
PAH compounds were analyzed by splitless injection on a Carlo-Erba Fractovap 2101 AC gas chro- 
Seasonal Variation
The mutagenicity of extracts of samples collected at the roof top size in the inner city of Stockholm has been evaluated since 1978 covering 28 periods (22) . However, the occasional higher mutagenic activity during the winter was probably not due solely to heating as indicated by a great variation between daytime and nighttime samples (15) . Simultaneously sampling at the roof top level at the suburban site 2 km NNW of Stockholm gave extracts with mutagenic activities somewhat lower than those detected in the inner city (Table 3) . There is a good rank correlation between the two sampling sites (S-1 and S-2), the rank correlation coefficient being 0.93 for TA 98 (p > 0.99), showing that air pollution as detected by mutagenicity in the Salmonella system may be of a regional importance.
Daily Variations
The mutagenic activity of airborne particulates collected at a specific site was found to vary considerably from day to day as illustrated in Figure 2 . When samples were collected at several sites in the same area, but not too close to a specific source, e.g., motor vehicle exhaust, this day-to-day variation was usually greater than the variation in samples from one site to another (12, 15, 16, 23) .
The variation in mutagenic activities of samples collected at the same site seems to be caused by changing meteorological conditions. For winter samples the most important factors appeared to be atmospheric stability and wind speed . Figure 2 illustrates a typical feature of samples collected in Oslo. Roof top samples exhibit nearly (6) . None of these samples showed mutagenic activity.
As already mentioned, the mutagenicity in samples from a suburb of Stockholm was significantly lower than in samples from the inner city.
In Norway, some samples have been collected simultaneously in urban/industrial areas and at background sites. The results are summarized in Table  4 . Samples from the real background sites showed very low or no detectable mutagenic activity. Site N-5, Birkenes, is considerably influenced by longrange transported air pollution. It has been shown that the mutagenicity at this site varies with the origin of the sampled air masses but mutagenic activity higher than 1 revertant/mi has never been detected (24) . The yield of mutagenic compounds is 
Particle Size Fractionation
It is well documented that most of the organic compounds in urban airborne particulate matter are adsorbed to small, respirable particles (25) . This has also been shown to be the case for mutagenic compounds (15, 26) . The results obtained by Lofroth (15) are given in Table 5 (sampling 1 and 2). As revealed by the (15) , and it was suggested that this discrepancy may be due to atmospheric transformations to higher mutagenic activity during the residence time in the atmosphere.
A preliminary investigation with simultaneous street and roof top sampling was performed in the city of Sodertalje in the spring of 1980 (27) . The results showed that the activity at the roof top level above the fourth floor was about 70% of the activity at the street level in a city street with about 10,000 vehicles per day. This result led to further studies in which simultaneous sampling at street and roof top levels were performed in the city of Solna (a part of the Stockholm area, bordering the city of Stockholm) in conjunction with an air quality study arranged by the Solna Environment and Health Board and executed by Studsvik Energiteknik AB during the winter of 1981. Samples were collected for 24 hr during consecutive days at two different street/roof top sites (S-3 to S-6). After a preliminary mutagenicity screening, samples from three consecutive days were combined to one sample which was further assayed for mutagenicity and also analyzed for PAH.
The results are given in Table 6 , together with aParticle sizes are those given by the manufacturer at 50% collection efficiency for spherical particles with unit mass density.
bImpactor substrates from the manufacturer of the impactor plates.
cImpactor substrates prepared from glass fiber filter (Stora Kopparberg Specialprodukter, Sweden). (16) and are summarized in Table 7 . The results showed that the mutagenicity in daytime street level samples were 4-9 times as high as in the corresponding roof top samples as measured with S9. The activity measured without metabolic activation was onehalf to one-third of the activity with S9 in street level samples, whereas roof top samples showed rather similar activities with and without S9.
A comparison of day samples with night samples showed that the mutagenicity at night was reduced to 15-35% of the daytime activity. A corresponding reduction was observed in the average traffic intensity from 18,000 vehicles/hr during the day to 425 vehicles/hr at night. The PAH concentrations showed a similar reduction from day to night, but the variation between street level and roof top level samples was much less pronounced than the corresponding mutagenic activity.
The concentration of lead on the particles was taken as an indicator of the dilution of exhaust particles from street level to roof top level. Roof level concentrations of lead were 10-20% of the street level concentrations. Roof top values for mutagenic activity in the range 5-25% of the street level activities, indicate that vehicle exhausts are the main source of mutagenic compounds at both sampling stations. However, the qualitative difference in the mutagenic response between street level and roof top level samples as well as the low day to night variation in roof top samples suggests that some of the primary emitted compounds have been transformed to other components before reaching roof top level.
To evaluate the degree of transformation, a similar study was repeated in summer when traffic was believed to be the only local source of mutagens in the area. The results are summarized in the lower part of Table 7 , but will be discussed in detail elsewhere (28) .
The results were consistent with the winter study. The mutagenic activity in 24-hr samples from roof top were 20% of the corresponding activity of street level samples on an average, whereas the concentration of lead on the particles from roof level was only 10% of the street level concentrations. As for winter samples, the ratio between the activity measured with and without metabolic activation was considerably higher in street level samples than in roof top samples. This supports the hypothesis that some of the mutagens detected at roof top are due to atmospheric reactions and indicate that transformation reactions mainly result in the direct mutagens.
In agreement with the assumption that traffic was the only source of mutagens in the area, we found a better correlation of the mutagenicity with the PAH concentrations at street level and roof top level in the summer study than in the winter study.
A discrepancy may seem to exist between the ratio of street to roof top level mutagenicity in Oslo and in the Stockholm area. However, this difference may be explained in terms of the location of the sampling sites. In Oslo the sampling was performed at a narrow inner city street canyon, whereas the sampling sites in the Stockholm area were located at streets with good possibilities for ventilation. The explanation is supported by the observation that the ratio of street to roof top level mutagenicity seemed to be influenced by the wind direction in the Stockholm samples, but not in the Oslo samples. Furthermore, the Oslo samples were collected over a longer period of time, and whereas the average values for mutagenicity were five times as high at street level as at roof top, some of the samples from single days with very little wind (not given in the table) showed such ratios to be down to 1.2.
The studies reported from both cities indicate that the mutagenic activity of particulate matter in urban areas with mainly oil-based space heating, such as Oslo and Stockholm, originates largely from motor vehicles. They also indicate that the mutagenicity is not only due to compounds emitted from the vehicles, but also to compounds formed in atmospheric transformations. However, further investigations involving both mutagenicity assays and chemical analysis are needed to confirm this hypothesis.
Chemical Fractionation
Evaluation of the environmental impact of mutagenic compounds present in urban air requires an identification of the most active mutagens. The chemical characteristics of the mutagens present on airborne particles were investigated by chemical fractionation of some of the samples followed by mutagenicity testing of the separate fractions and of reconstituted samples. Extracts from four consecutive filters collected at sampling site N-3 in February 1979 were pooled and fractionated in an acidic, a basic and 5 neutral fractions. The results have been reported in detail elsewhere (16) . Only 30% of the mutagenic activity measured without metabolic activation was recovered after fractionation. The recovery increased to 48% when S9 was added. Most of the mutagenicity was found in the aromatic fraction followed by the acidic and the oxygenated fractions. Similar results have been obtained with samples from Stockholm (S-1) (17) .
A similar experiment has been performed with summer samples from the same Norwegian sampling sites, street level (N-3) and roof top level (N-4) . The The low recovery of mutagenic activity upon fractionation was probably due to the presence of relatively unstable components which were degraded when exposed to strong acids or bases. The possibility that such labile compounds are released from car exhaust and are degraded in the atmosphere may be part of the explanation for the qualitative difference observed between street level and roof top level samples.
To avoid degradation of mutagens by the chemical treatment, the summer samples were also fractionated using a more gentle procedure, i.e., by use of silica gel column HPLC as described in Methods. The results are summarized in Table 8 .
The recovery of mutagenic activity was nearly complete when this fractionation procedure was used. For the street level sample, the sum of the mutagenic activity with S9 in the individual fractions was higher than the activity of the unfractionated or reconstituted sample. This indicates that the fractionation may have resulted in the separation of antagonistic compounds or, more likely, that the activity in the individual fractions increases due to a more optimal concentration of S9 present. For the roof top samples, the observed differences in the sum and the activity of the reconstituted samples were within the uncertainty of the test results.
Street level samples as well as roof top samples had most of the mutagenic activity without metabolic activation in the most polar fraction, 47 and 68% respectively. Furthermore, the ratio between the activity of street level and roof top samples varied for the separate fractions, indicating that some of the mutagens present at street level have been transformed to more polar compounds when they reach roof top levels. (Alfheim, in preparation).
Mutagenic Components
The presence of PAH in ambient particulate matter has been known for a long time. The application of short-term bioassay as the Salmonella mutagenicity test has, however, unequivocally shown that extracts of ambient particulate matter as well as combustion emissions contain organic mutagens and potential carcinogens which are not conventional PAH. For instance, the benzo(a)pyrene present in street level samples from Oslo (N-3) could account for less than 4% of the mutagenicity of the samples (16) .
Although it is conceivable that some derivatives of aliphatic hydrocarbons such as chloro, bromo, nitro and oxo derivatives of alkanes and alkenes may elicit a mutagenic response, the main interest so far has concentrated on derivatives of polycyclic aromatics. Table 9 gives a schematic description of the behavior of mutagenic polycyclic aromatics in the Salmonella test, i.e., whether they are mutagenic in the absence or presence of mammalian activation systems.
GCIMS analysis of samples from street level in Oslo (N-3) (Alfheim et al., unpublished results) has shown that compounds of nearly all the chemical classes listed were present. The contribution of mutagenicity from the various classes are, however, not known so far.
A major interest has focused on nitroarenes, as the presence of such compounds might partly or fully explain a mutagenic response in the absence of mammalian activation. The presence of nitroarenes bn.d. = not detected. 
Emission of Mutagens
Motor vehicle exhaust has been shown to be responsible for most of the mutagenic activity in street level samples from urban areas. However, testing of roof top samples from various places has shown that there are several other sources contributing to the mutagenicity associated with airborne particles. Emissions from several sources, for instance diesel engines, residential heating systems and industrial boilers, have been tested in several countries. The results have shown that emissions of mutagens from all these sources will vary considerably from one equipment to another, depending on the construction of the combustion unit, the fuel, the climate and the mode of operation. This implies that data cannot easily be transferred from one part of the world to another. Table 10 lists data from emission sources that have been tested in Scandanavia.
Conclusions
Ambient particulate matter contains a multitude of organic compounds among which are many mutagens and potential carcinogens which act by a genotoxic mechanism. With the exception of conventional PAH and heterocyclic PAH, most of these mutagens have not been identified, although they may be responsible for a major part of the mutagenic response detected by the Salmonella mutagenicity test.
Mutagens in airborne particulate matter originate mainly from combustion emissions. It is not yet known under which conditions atmospheric reactions occurring during the residence time in the air can increase or decrease the mutagenic potential of emitted compounds.
In the absence of complete information about the chemical composition and about the genotoxic poten- (17) aThe numbers are given as revertants/g fuel as tested with TA 98. The highest mutagenic response obtained with or without mammalian activation is reported.
'The cleaning system did not function properly.
tial for man, prudence should be to keep the emission and the ambient level of mutagenicity as low as possible whenever there is a choice between different energy and transportation strategies. Our results have shown that whereas mutagenicity can be found to correlate with the presence of certain compounds, like PAH, at a specific site, no such correlation can be found from sampling site to sampling site. Research projects aiming at the identification of the most important mutagens in ambient air are in progress all over the world. However, until more information is available, we do not recommend use of one or a few compounds, like benzo(a)pyrene, as risk indicators, but suggest that mutagenicity may be the best indicator of mutagenic and potential carcinogenic potency of airborne particles.
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